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Schro¨dinger cat states are useful for many applications, ranging from quantum information pro-
cessing to high-precision measurements. In this paper we propose a conceptually new method for
creating such cat states, based on photon-assisted Landau-Zener-Stu¨ckelberg interferometry in a
hybrid system consisting of a qubit coupled to a photon cavity. We show that by initializing the
qubit in one of its basis states, performing three consecutive sweeps of the qubit energy splitting
across the 1-photon resonance, and finally projecting the qubit to the same basis state, the parity
of the photon field can be purified to very high degree; when the initial photon state is a coherent
state, the final state will then be very close to a Schro¨dinger cat state. We present numerical simu-
lations that confirm that our protocol could work with high fidelity (∼ 0.99) for coherent states of
reasonable size (|α|2 ∼ 10). Furthermore, we suggest that our protocol can also be used to transfer
quantum information between the qubit and a superposition of orthogonal cat states in the cavity.
I. INTRODUCTION
A coherent state is a quantum state of the harmonic
oscillator that most closely resembles a classical state, in
the sense that it has minimal and equal uncertainty in its
two conjugate variables, the expectation values of which
follow the classical equations of motion. More explic-
itly, coherent states are the eigenstates of the oscillator’s
bosonic annihilation operator, a |α〉 = α |α〉, where α is a
complex number characterizing the amplitude and phase
of the oscillations associated with |α〉.
A superposition of two coherent states, e.g.,
|Ψ±(α)〉 = 1N (|α〉 ± |−α〉) , (1)
is, in a way, thus analogous to the cat in Schro¨dinger’s
famous thought experiment [1], as it presents a quantum
superposition of two different (quasi-)classical states.
These superpositions are therefore commonly known as
Schro¨dinger cat states and are interesting for a number
of reasons. Firstly, since their behavior is on the border
between quantum and classical, they provide a perfect
playground for studying decoherence and the quantum-
to-classical transition [2], which is of fundamental inter-
est. Further, it has been shown that Schro¨dinger cat
states can be used as a resource for quantum compu-
tation [3, 4] and quantum error correction [5–8], quan-
tum teleportation [9, 10], and also high-precision mea-
surements [11–14]. For these reasons, reliable generation
and manipulation of such cat states has been the focus
of a substantial amount of work in the past few decades,
both theoretical and experimental.
Most of the cat-based quantum technologies mentioned
above, such as high-precision metrology and reliable
quantum computation, require the use of coherent states
of the freely propagating photon field. Furthermore,
these applications work best when the overlap between
the coherent states constituting the cat state is small. For
the state (1) this overlap is | 〈α| − α〉 | = e−2|α|2 , and in
that case it has been estimated that |α| > 1.2 is required
for fault-tolerant quantum computing [4].
Over the years, many ways have been put forward
how to produce freely propagating cat states, several
of which have successfully been implemented. Yurke
and Stoler originally proposed sending a coherent pho-
ton state through a strongly non-linear (Kerr) medium to
generate a cat state [15], but all commonly available me-
dia are too weakly non-linear to achieve the required de-
gree of dispersion over reasonable distances. Other pro-
posed methods, some of which have been successfully im-
plemented, include performing conditional measurements
on the squeezed vacuum [16–21], mixing a coherent state
with a squeezed single-photon beam [22], homodyne de-
tection on a 50/50 split n-photon Fock state [23], and
reflecting coherent light pulses from an atom-cavity sys-
tem [24]. The drawback of these methods is that they
become less successful for increasing amplitude |α| of the
cat state, the highest amplitudes reached being |α| ∼ 1.5.
Achieving higher amplitudes is possible via a few dif-
ferent methods. One idea is to combine pairs of small-
amplitude cat states into one state with a larger |α| in a
process known as “breeding” [22, 25]. Another route is
to turn to cavity-QED, trapping the photons in cavities
where they strongly interact with atoms that are shot
through the cavity; in that way, the state of the pho-
ton field can be manipulated into a cat state [2, 26, 27].
Advances in qubit technology allowed for replacing the
atoms with (superconducting) qubits acting as artificial
atoms that are coupled to the cavity mode, which pro-
vides an extra level of control over the light-matter inter-
action. Such hybrid systems can be used to coherently
transfer quantum information from a qubit to a superpo-
sition of cat states [28] and they allowed for the creation
of cat states with amplitudes up to |α| ∼ 10 [29].
Such cavity-based cat states were used for studying
the quantum-to-classical transition [2], but they could
also provide a platform for fault-tolerant quantum infor-
mation processing [6, 28]. Furthermore, for applications
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2where a freely propagating cat state is needed it is possi-
ble to “release” a non-classical photon state from a cav-
ity, which has been demonstrated for single-photon [30]
as well as multi-photon states [31].
In this paper, we propose a conceptually new method
of generating Schro¨dinger cat states, based on photon-
assisted Landau-Zener-Stu¨ckelberg interferometry in a
hybrid system consisting of a qubit coupled to a photon
cavity. We show that repeatedly sweeping the level split-
ting of the qubit through the 1-photon resonance can lead
to interference effects which, depending on the details of
the level crossing, can selectively amplify and attenuate
specific n-photon components in the wave function of the
cavity field. Using this principle, we demonstrate how an
initial coherent photon state in the cavity can be trans-
formed with high fidelity to a so-called even or odd cat
state |Ψ±(α)〉 [see Eq. (1)] by means of three consecutive
level crossings. We also speculate that the procedure can
be used to transfer quantum information from a qubit
state to the photon cavity using an odd cat state and
an even state as a basis. We further present numerical
simulations of the time-evolution of the proposed system
which confirm the successful creation of cat states with
fidelities up to ∼ 0.99 for |α|2 ∼ 10.
The rest of this paper is organized as follows. In Sec. II
we review the basics of Landau-Zener-Stu¨ckelberg inter-
ferometry, using the example of two levels that are swept
through each other multiple times. In Sec. III we then
introduce the system and model Hamiltonian we con-
sider, and we outline the basic working of our cat-state
generating protocol; first we do this using the most in-
tuitive picture possible, connecting directly to the exam-
ple system presented in Sec. II, and then we discuss the
main simplifications we made in that picture and esti-
mate the deviations from the ideal situation in a more
realistic picture. We end the Section suggesting how the
same protocol could be used to coherently transfer quan-
tum information from the qubit to a superposition of cat
states in the cavity. In Sec. IV we present our numerical
simulations, which confirm the working of protocol. Fi-
nally, in Sec. V we discuss a few candidate systems that
could be used to implement our idea and in Sec. VI we
present our conclusions.
II. LANDAU-ZENER-STU¨CKELBERG
INTERFEROMETRY
The dynamics of a time-dependent level crossing in a
two-level system is a well studied problem in quantum
mechanics and can be described by the Hamiltonian
Hqub =
∆(t)
2
σz + δ σx, (2)
written in the diabatic basis {|1〉 , |0〉} and using the Pauli
matrices σx,z. Assuming linear driving of the level split-
ting, ∆(t) = vt, where t is time and v the sweep speed,
the system will pass a region around t = 0 where the
coupling term δ mixes the two components of the wave
function. In the limit of an infinite linear sweep of the
energy splitting, from t = −∞ to t = ∞, the probabil-
ity of a diabatic transition (i.e., the probability for the
system to remain in its initial state after the crossing) is
given by the famous Landau-Zener formula,
PLZ = e
−2pi δ2v , (3)
where we have set ~ = 1 for convenience.
This analytic result is valid for an infinite sweep
through a single level crossing, and thus needs to be
adapted to describe the situation of multiple consecu-
tive level crossings. Assuming that the crossings are far
enough apart in time, it is reasonable to assume that all
crossings can be treated separately, leading to the adia-
batic impulse model [32]. The general idea is to treat the
system as if it evolves adiabatically everywhere except in
regions close to the level crossings and the non-adiabatic
evolution at all crossings is assumed to be instantaneous.
This approximation is considered good if the crossings
are locally linear in time and well separated [33].
The time-evolution operator can then be written as a
series of adiabatic evolution operators separated by non
adiabatic transfer operators. The adiabatic evolution op-
erator, in the adiabatic basis, is
U(t2, t1) =
(
e−iθ+(t2,t1) 0
0 e−iθ−(t2,t1)
)
, (4)
where θ±(t2, t1) =
∫ t2
t1
dtE±(t) in terms of the instanta-
neous eigenenergies E±(t). The non-adiabatic evolution
at the level crossing reads in the same basis as [33]
N =
(√
1− PLZe−iφS −
√
PLZ√
PLZ
√
1− PLZeiφS
)
, (5)
where we see that, apart from the (square root) of the
Landau-Zener probabilities, all amplitudes pick up a dif-
ferent phase, where φS in the diagonal elements is [33],
φS = −pi
4
+
δ2
v
[
ln
(
δ2
v
)
− 1
]
+ arg Γ
(
1− i δ
2
v
)
, (6)
with Γ(z) being the gamma function.
As an example we consider initializing the system in
the state |0〉 and driving the level splitting through three
consecutive crossings, as shown in Fig. 1. The first and
last have identical sweep speed v, while the middle cross-
ing is so slow that it is adiabatic. In this limit, the matrix
N at the middle crossing becomes iσz and the final state
in the adiabatic impulse model is thus given by
|ψ〉f = iU(tf , t3)NσzU(t3, t1)NU(t1, ti) |0〉 , (7)
where ti < t1 is the initial time and tf > t3 the final
time. For the case where PLZ =
1
2 for the first and last
crossing we can write explicitly in the adiabatic basis
|ψ〉f = e−i[θ+(t1,ti)+
1
2 θ+(t3,t1)+
1
2 θ−(t3,t1)]
×
(
ie−i[θ+(tf ,t3)+ϕ] cos( 12φd + ϕ)
e−iθ−(tf ,t3) sin( 12φd + ϕ)
)
, (8)
3FIG. 1. Time-dependent spectrum of the example sweep pro-
tocol discussed in Sec. II. The diabatic energies of |0〉 and |1〉
are shown as dashed lines, while the adiabatic (instantaneous)
eigenenergies are shown as full lines. Two interfering paths
are colored in blue and the dynamic phase difference between
them is shown as a blue shaded area.
where φd = θ+(t3, t1)− θ−(t3, t1) is the phase difference
built up during the adiabatic evolution from t1 to t3 and
ϕ ≈ −1.08 is the phase φS that corresponds to the prob-
ability PLZ =
1
2 . The final occupation probabilities for
the two states then follow straightforwardly as
P1,0 =
1
2
± 1
2
cos (φd + 2ϕ). (9)
We thus see how this sweep protocol indeed leads to in-
terference effects that depend on the difference in phases
acquired along the two possible paths in time (blue lines
in Fig. 1). This phase difference has two contributions:
(i) the phase ϕ, given by (6), caused by the first and
the last level crossing, and (ii) the dynamical contribu-
tion φd picked up during the adiabatic evolution, which
corresponds to the blue shaded area in Fig. 1. As we
can see, the total phase and hence the “return” probabil-
ity is periodically dependent on this area, which we can
easily control by tuning the sweep speed or the coupling
strength δ at the second crossing.
III. PROPOSAL
The goal is to create even or odd cat states |Ψ±(α)〉 ∝
|α〉 ± |−α〉 in the photon field, where the coherent states
read explicitly as |α〉 = e−|α|2/2∑∞n=0(αn/√n!) |n〉 in
terms of the photon number basis states |n〉. We see
that, due to the factor αn in the photon number coeffi-
cients, an even(odd) cat state only contains even(odd)
photon number states, the occupation probabilities of
which still have the same Poissonian “envelope” as the
coherent states they are constituted of. In short, our cat
state generation protocol, which we will explain in detail
below, amounts to removing all odd or even components
from a coherent photon state, without altering the Pois-
sonian envelope structure of the state too much.
Let us now turn to the hybrid qubit-cavity system with
which we would like to perform this protocol. We assume
FIG. 2. (a) Schematic plot of the energy spectrum of the
Hamiltonian (10) as a function of ∆. Dressed levels |1〉 and
|0〉 anticross whenever the accompanying number of photons
differs by 1. (b) Sketch of the proposed sweep protocol ∆(t).
(c) Zoom in on neighboring pair of coupled levels that are
swept through each other. The n-dependent magnitude of
the relative dynamical phases picked up during the sweep is
indicated by the shaded red and blue areas.
a simplest situation, where a single qubit is coupled to a
single mode of the cavity photon field, and we describe
the system with the Hamiltonian
H =
∆(t)
2
σz + ωa
†a+A(a+ a†)σx, (10)
where ∆(t) is the time-dependent qubit splitting, ω the
frequency of the cavity mode, and A is the coupling
strength between the qubit and the photon field. We note
that we assumed “transverse” qubit-cavity coupling, i.e.,
the field in the cavity couples to the σx operator in the
qubit subspace.
In Fig. 2(a) we sketch the spectrum of H as a function
of ∆, where the labels |i, n〉 indicate the (approximate)
basis states |i〉qub ⊗ |n〉ph. All levels cross, except when
the two photon numbers involved differ by 1, in which
case the magnitude of the anticrossing is determined by
4the matrix element
〈1, n|H|0, n± 1〉 = A
√
n+ 12 ± 12 , (11)
and thus depends on the actual photon numbers in-
volved [34]. The key to our proposal is to use this n-
dependence of the size of the anticrossings. If we drive the
qubit in a zig-zag pattern around the 1-photon resonance,
as sketched in Fig. 2(b), then we create a “ladder” of
time-dependent level crossings between levels |0, n〉 and
|1, n+ 1〉, see Fig. 2(c). Each pair of coupled levels thus
undergoes a sweep pattern that is similar to the one dis-
cussed in Sec. II and, assuming that we again make sure
that the second level crossing is adiabatic, the final state
is then given by Eq. (8), where the phase difference φd
now depends on n, as can be seen from the difference in
size between the red and blue shaded regions in Fig. 2(c).
The idea is then to initialize in |0〉⊗|α〉, i.e., the cavity
in a coherent state and the qubit in one of its basis states,
and perform the sweep protocol sketched in Fig. 2, aim-
ing for the characteristics (i) PLZ =
1
2 for all first and last
crossings, (ii) all middle crossings are adiabatic, and (iii)
φd(n+1)−φd(n) = pi as closely as possible for all relevant
n. Of course, in reality the n-dependence of the dynam-
ical phase difference is not linear over larger ranges of n
and PLZ is also n-dependent. Below we will investigate
how well the desired characteristics can be satisfied at the
same time, but let us for now assume the ideal (hypothet-
ical) situation where PLZ =
1
2 and φd(n) = φd(0) + npi.
The phase φd(0) can be tuned by changing parts of the
time-dependent level structure that are the same for all
n, such as the minimum and maximum value of ∆(t) or
the coupling strength A. Tuning φd(0) = −2ϕ is thus in
principle possible, independently from trying to approach
φd(n + 1) − φd(n) = pi. Then we see from Eq. (8) that
the initial component |0, n〉 will evolve as
|0, n〉 → e−inωT
[
sin
(n
2
pi
)
|0, n〉
+ ie−iϕ cos
(n
2
pi
)
|1, n+ 1〉
]
, (12)
where we introduced the total sweep time T = tf − ti,
setting tf = t3 and ti = t1 for simplicity [35]. We see that
all components |0, n〉 evolve (up to a phase factor) into
|0, n〉 for odd n and into |1, n+ 1〉 for even n, thereby
yielding zero weight in all even-n components of the final
state of the photon field [36].
We thus end up with a photon field with a perfect
odd parity. Since the weight of each even-n component
that was removed was transferred to a neighboring n,
one could expect that the envelope of the resulting cav-
ity state is still relatively close to that of the coherent
state, thus yielding (almost) a cat state. Even better,
however, would be to end the protocol with a selective
measurement of the qubit state: only accepting the out-
come |0〉 will project the photon field to the state
−ie− 12 |β|2
N
∞∑
n=0
[
βn√
n!
− (−β)
n
√
n!
]
|n〉
= −i |Ψ−(β)〉 , (13)
with β = ie−iωTα, which is a perfect odd cat state.
Let us now investigate how closely our assumptions
about PLZ and the dynamical phase differences can be
met in reality. First of all, we write the full final state for
the pair of levels {|0, n〉 , |1, n+ 1〉} after the sweep pro-
tocol, now allowing for deviations from our assumptions.
From Eqs. (4)–(7) we find the explicit expression
|0, n〉 → e−inωT
{
2 sin
(
1
2φd + φS
)√
PLZ(1− PLZ) |0, n〉
+ e−iφS
[
(1− 2PLZ) sin
(
1
2φd + φS
)
+ i cos
(
1
2φd + φS
) ] |1, n+ 1〉}, (14)
where now φd, φS, as well as PLZ are n-dependent. As
is well known, the relative width of the photon number
distribution of a coherent state decreases for increasing
|α|, suggesting that this n-dependence might become less
important for large |α|.
We first focus on the n-dependence of the Landau-
Zener probability for the first and last crossing, which
simply reads as
PLZ(n) = exp
(
−2piA
2[n+ 1]
vf
)
, (15)
where vf is the “fast” sweep speed at those two crossings.
For any particular α we can tune this speed such that
PLZ(|α|2) = 12 . We then estimate the decrease in fidelity
of creating the desired state due to the n-dependence of
PLZ by calculating the modulo square of the weight of
the final component |0, n〉 at n± = |α|2 ± |α|, using the
fact that the photon distribution will have a Poissonian
envelope with both mean and variance equal to |α|2. We
then find that for |α|2 & 1
4PLZ(n±)[1− PLZ(n±)] ≈ 1− ln 2|α|2 , (16)
i.e., the deviation from 1 is suppressed for increasing |α|2.
Next we investigate in a similar way the n-dependence
of φS which we above also assumed to be constant,
φS(n) = ϕ ≈ −1.08. Using the same sweep speed vf
such that PLZ(|α|2) = 12 we calculate the phases φS(n±)
using Eq. (6). In Fig. 3 we show the result, where we
normalized the two phases with ϕ. We see again that the
deviation from the ideal condition decreases monotoni-
cally for |α|2 & 1.
Finally, we investigate the dynamical phases φd(n), for
which we assumed δ(n) ≡ φd(n + 1) − φd(n) = pi. As-
suming that the sweep is performed using the detuning
extrema −ω ± k (with k < ω, see Fig. 2) we find
δ(n) ≈ 2A
2
v∗
[
ln
(
k2
A2[n+ 1]
)
− 1
2[n+ 1]
]
, (17)
5FIG. 3. The deviation of the phase φS(n) at n = |α|2 ± |α|
from the assumption φS(n) = ϕ ≈ −1.08. The sweep speed is
tuned such that PLZ(|α|2) = 12 and thus φS(|α|2) = ϕ.
valid in the limit A2n  k2 and at n & 1, where v∗ =
vfvs/(vf + vs) is an average of the two different sweep
speeds, with vs the “slow” adiabatic sweep speed. The
derivative with respect to n of this phase difference,
δ′(n) ≈ 2A
2
v∗
(
− 1
n+ 1
+
1
2[n+ 1]2
)
, (18)
decreases faster than 1/
√
n for increasing n, but the total
error in δ(n) at n± = |α|2 ± |α| is a cumulative error,
contributed to by all n between |α|2 and n±. To arrive
at an estimate for the typical error in δ(n) we thus need
to sum over all contributing phase differences from |α|2
to n±, yielding approximately
± 2A
2
v∗
(
− 1|α|2 + 1 +
1
2[|α|2 + 1]2
) |α|∑
l=1
l
= ± A
2
v∗
(
− 1|α|2 + 1 +
1
2[|α|2 + 1]2
)(|α|2 + |α|) . (19)
We see that this contribution to the infidelity of our pro-
tocol does not decrease as a function of increasing |α|2:
for large |α| it approaches A2/v∗. In principle one could
tune A2/v∗ as small as desired, but, due to the condi-
tions (i) δ(|α|2) = pi and (ii) A2|α|2/vs  1, that would
require an exponential increase of k/A|α|, see Eq. (17),
and a very large ratio k2/vs. These requirements are not
in contradiction with any of our other assumptions, but
might be inconvenient from a practical point of view.
We thus showed how our proposed protocol conceptu-
ally works, and we demonstrated that the most impor-
tant intrinsic inaccuracies can in principle be tuned to
be of arbitrarily small importance, e.g., by going to large
|α|2 and smallA2/v∗. However, deviations from the other
assumptions we made, such as the validity of the adia-
batic impulse model, will also contribute to the infidelity
of the protocol. In order to investigate their importance
quantitatively, we will present numerical simulations of
the protocol in Sec. IV, showing that fidelities of ∼ 0.99
are theoretically indeed achievable.
So far, we used the qubit mainly as a tool to tune the
spectrum and sweep the system through multiple level
crossings. As an example, we showed how initialization
of the system in |0〉⊗|α〉 can produce an odd cat state of
the photon field after projecting the final qubit state to
|0〉. We could, however, also assume a more general initial
state of the qubit, |χ〉qub = a |0〉+b |1〉, and investigate to
what extent and in what way the quantum information
in this initial qubit state is transferred to the photon field
during the sweep protocol.
It is straightforward to focus on the same pair of levels
{|0, n〉 , |1, n+ 1〉} as before and use Eq. (8) to write down
the final state after initializing in |1, n+ 1〉, assuming the
same ideal conditions as in (12),
|1, n+ 1〉 → −e−inωT
[
sin
(n
2
pi
)
|1, n+ 1〉
+ ieiϕ cos
(n
2
pi
)
|0, n〉
]
. (20)
We see that now for even n the population is fully trans-
ferred to |0, n〉 and for odd n to |1, n+ 1〉. This means
that initialization in |1〉⊗ |α〉 would produce a final pho-
ton state with a perfect even parity, whereas initializa-
tion in |0〉 ⊗ |α〉 yielded a perfect odd state. Initializ-
ing in |χ〉qub ⊗ |α〉 will thus yield a photonic state that
is in a superposition of a perfectly odd state (with an
amplitude proportional to a) and an even state (with
amplitude proportional to b). Since the even and odd
cat states |Ψ±(α)〉 form a good orthogonal basis for cat-
based quantum information applications [3, 4], where
|χ〉cat = a |Ψ−(α)〉 + b |Ψ+(α)〉 encodes the same quan-
tum information as |χ〉qub, this suggests that our protocol
might provide a way to transfer the quantum information
coherently from the qubit to the photon field.
We thus initialize in |χ〉qub⊗|α〉 and perform the same
sweep protocol as before, assuming the same hypothetical
ideal conditions. If we again selectively measure the final
state of the qubit, only accepting the outcome |0〉, we
will project the photon field to the state
−ia |Ψ−(β)〉
−ibeiϕ e
− 12 |β|2
N
∞∑
n=0
α√
n+ 1
[
βn√
n!
+
(−β)n√
n!
]
|n〉 . (21)
We see that the even part of the field is nearly a cat state,
the weight of each n-photon component being slightly off
since it originated from the component |n+ 1〉 in the ini-
tial coherent state |α〉 of the field. The modulo square of
the overlap of the part of the photon field proportional to
b with the state −ieiϕ |Ψ+(β)〉 can be evaluated numeri-
cally: we find that it is 0.99 for |α| ≈ 5 and approaches 1
monotonically for increasing |α|. Therefore we conclude
that with high fidelity the final photon state approaches
−i[a |Ψ−(β)〉+ eiϕb |Ψ+(β)〉 ]. (22)
The phase ϕ ≈ −1.08 is known and can thus be compen-
sated for, meaning that our sweep protocol indeed pro-
vides a means to coherently transfer quantum informa-
tion from an actual two-level system to a superposition of
6even and odd cat states in a photon field. Of course, the
final state (21) was derived under the same assumptions
concerning PLZ(n), φS(n), and φd(n) as (12), i.e., the de-
viations from these ideal conditions investigated before
will affect the fidelity of this transfer protocol in a way
that should be quantitatively similar.
IV. NUMERICAL SIMULATIONS
We solved the time-dependent Schro¨dinger equation
using the function sesolve from the “Quantum Toolbox
in Python” (QuTiP) package [37, 38]. We initialize the
system in a direct product state of one of the two qubit
basis states and a coherent state of the photon field |α〉,
using the basis states |0, n〉 and |1, n〉, where we cut off
the Hilbert space for n ≥ 2 ∗ |α|2 + 10. Then we evolve
the system using the Hamiltonian as given in (10) with
∆(t) =

−ω − k + vf t, for 0 ≤ t ≤ τ1,
−ω + k − vs(t− τ1), for τ1 ≤ t ≤ τ2,
−ω − k + vf (t− τ2), for τ2 ≤ t ≤ τ3,
(23)
with τ1 = 2k/vf , τ2 = τ1 + 2k/vs, and τ3 = τ2 + 2k/vf .
This results in the sweep pattern as shown in Fig. 2(b),
with the detuning extrema −ω ± k.
We will first present numerical results for |α|2 = 10.
We set A = 0.003 (in units of ω), which will allow for
large k/A|α| while still satisfying the condition k ≤ ω.
Then we set the other simulation parameters as fol-
lows: vf is calculated using Eq. (15), demanding that
PLZ(10) =
1
2 , and vs and k are tuned together to satisfy
δ(10) = pi, see Eq. (17), and φd(10) = −2φS(10) as closely
as possible, which corresponds to fixing the “offset” phase
φd(0) = −2ϕ in the ideal picture presented above. This
yielded vf ≈ 8.9741 × 10−4, vs ≈ 4.6965 × 10−5, and
k = 0.50017.
In Fig. 4 we show final photon states after the sweep
protocol, assuming the qubit to have been projected to
|0〉. The left panels show the Wigner distribution W (α)
of the state, all of them showing the characteristics of
a cat state, including the typical fringes around α = 0
signaling quantum-mechanical interference between the
state’s two main components. The right panels show the
photon number distribution Pn of the final state.
Fig. 4(a) presents the final photon state that results
after initializing the qubit in |0〉. In the right panel we
see that state has almost perfect odd parity, suggest-
ing that it is indeed close to an odd cat state, as pre-
dicted above. We can calculate numerically the over-
lap of this final state with the desired odd cat state,
as a measure of the fidelity of our protocol, yielding
F− = | 〈Ψf |Ψ−(β)〉 |2 ≈ 0.986, where |β| =
√
10. In
Fig. 4(b) we show the resulting final photon state after
the same sweep procedure, but now having initialized the
qubit in |1〉. The parity of this state is indeed almost ex-
actly opposite, and as fidelity of the thusly created even
cat state we find F+ ≈ 0.989. Finally, in Fig. 4(c) we
FIG. 4. Numerically calculated final photon states after per-
forming the sweep protocol (23) and projecting the qubit to
the state |0〉. In the left panels we show their Wigner dis-
tribution W (α) and in the right panels their photon number
distribution function Pn. In all simulations we used |α|2 = 10
and A = 0.003. The sweep speeds vs,f were chosen such that
PLZ(10) =
1
2
and δ(10) = pi. (a,b) Fine-tuning the parame-
ter k to k = 0.50017 yields (a) an odd cat state with fidelity
0.986 if the qubit was initialized in |0〉 and (b) an even cat
state with fidelity 0.989 if it was in |1〉. (c) Not fine-tuning k
yields a cat state of a more general form, see Eq. (24); in this
case k = 0.49 resulted in θ = 0.713pi with fidelity 0.988.
show the resulting state if the parameter k is not fine-
tuned but simply fixed to some value, we set k = 0.49,
after which only vf ≈ 8.9741 × 10−4 and vs ≈ 4.6705
are adjusted to satisfy PLZ(10) =
1
2 and δ(10) = pi, fol-
lowing Eqs. (15) and (17). This means we no longer
ensure that φd(10) = −2φS(10), which introduces an ex-
tra phase shift in the n-dependent oscillations of all final
amplitudes, see Eq. (14). This phase shift results in a
final state that is still close to a cat state, but now of the
more general form
|Ψθ(β)〉 = 1N
(|β〉+ eiθ |−β〉) , (24)
7FIG. 5. Fidelity of the resulting final cat state as a function
of |α|2 using the same parameters A = 0.003 and k = 0.50017
throughout, while adjusting vf and vs such that the condi-
tions PLZ(|α|2) = 12 and δ(|α|2) = pi remain fulfilled.
where θ is no longer necessarily pi or 0. For our particular
choice of k we found a maximum overlap with the cat
state with θ = 0.713pi, yielding a fidelity of Fθ ≈ 0.988.
We thus see that our protocol is in principle indeed
able to produce Schro¨dinger cat states with fidelities up
to ∼ 0.99, already at moderate |α|. Next, we investigate
how the fidelity of the protocol depends on |α| by vary-
ing |α|2 from 3 to 25. We initialize the qubit in |0〉 and
perform the sweep procedure using the same parameters
A = 0.003 and k = 0.50017 as before, while adjusting
vf and vs such that PLZ(|α|2) = 12 and δ(|α|2) = pi for
each |α|2. After projecting the qubit to |0〉 we find the
cat state |Ψθ(β)〉 that has largest overlap with the fi-
nal photon state and calculate the modulo square of that
overlap to determine the fidelity F . In Fig. 5 we plot F as
a function of |α|2, and we see that the fidelity is around
0.98 for all |α|2 in the range plotted, with a slight de-
crease for larger |α|2. This is a sign that the assumption
of A|α|/k  1, which is one of the conditions for the
adiabatic impulse model to be a good approximation, is
starting to become questionable.
V. DISCUSSION
We demonstrated that our protocol can generate cat
states in a photon cavity with fidelities up to ∼ 0.99 and
could possibly also be used to coherently transfer quan-
tum information between a qubit and a superposition of
different, orthogonal cat states in the cavity. However, so
far we assumed both the cavity and the qubit to be loss-
less and coherent at all times. In reality, both subsystems
are coupled to many environmental degrees of freedom,
leading to photon loss from the cavity, typically char-
acterized with the decay rate κ, and qubit decoherence
characterized with the rate γ. Roughly speaking, good
coherence during the full protocol will thus be guaranteed
if the total time of the procedure T ∼ 2k/vs  κ−1, γ−1,
where vs should be small enough to ensure that the sec-
ond crossing is adiabatic. It is therefore straightforward
to investigate the typical coherence properties of a few
obvious candidate systems for implementing our proto-
col and compare them in the context of this requirement.
The paradigmatic system providing a well-controllable
qubit coupled to a single mode of the photon field is the
circuit-QED setup of a superconducting qubit coupled to
a transmission line resonator [39, 40]. In such hybrid sys-
tems coupling strengths of A/2pi ∼ 100 MHz can easily
be reached [41], which, assuming |α|2 ∼ 10, leads to the
constraint vs . 25 µeV/ns. Typical resonator frequen-
cies are of the order ω/2pi ∼ 10 GHz and picking 2k ≈ ω,
as we did in our numerical examples, then yields a lower
limit T & 2 ns, which is well below typical decay and
dephasing times κ−1, γ−1 ∼ 0.1–1 µs. In fact, depending
on the choice of qubit (transmon, flux, phase, or charge),
having such a strong coupling parameter A might make it
challenging to implement a sweep speed vf high enough
to yield a Landau-Zener probability of 12 . But since the
minimum and maximum T estimated above are still sev-
eral orders of magnitude apart, there is enough room to
work with significantly smaller coupling A.
Another, more recently developed class of hybrid sys-
tems that could be used to implement our idea is that
of gate-defined semiconductor quantum dots coupled to
a superconducting cavity [42]. This would allow to per-
form the protocol using a spin-based qubit instead of a
superconducting qubit, which provides potentially supe-
rior qubit coherence properties. Direct spin-photon cou-
pling is weak, typically on the peV scale, but the effective
coupling strength can be significantly enhanced by using
multi-electron spin qubits instead, where the basis states
are spin-charge mixtures that couple much more effi-
ciently to the photon field [42]. The most advanced exam-
ple in this field is the triple-dot three-electron exchange-
only qubit [43–45], which provides fast all-electric control
and potentially strong coupling to the cavity mode [46].
Recently the coherent coupling between such a qubit
and a microwave cavity has been demonstrated exper-
imentally [47], yielding the device parameters ω/2pi ≈
4.5 GHz, κ−1 ≈ 20 ns, and γ−1 ≈ 0.1 µs, while pro-
viding coupling strengths up to A/2pi ≈ 31 MHz. The
same rough estimate as above then yields the constraint
vs . 2 µeV/ns and thus a lower limit T & 9 ns, which is
within the reported decoherence times.
VI. CONCLUSION
We presented a conceptually new way to create
Schro¨dinger cat states in a photonic cavity using Landau-
Zener-Stu¨ckelberg interferometry, by coupling the cavity
to a qubit and manipulating the qubit splitting as a func-
tion of time. We show how our protocol can create cat
states with a fidelity up to ∼ 0.99 for |α|2 ∼ 10, and how
it could also be used to coherently transfer quantum in-
formation between the qubit and the photon field, where
it can be stored in the form of coherent superpositions
of orthogonal cat states. We corroborated our intuitive
presentation of the protocol with numerical simulations
and finally discussed a few candidate hybrid systems that
could be used to implement our idea.
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